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ABSTRACT

Spinach (Spinacia oleracea) plants were subjected to salt stress by
adding NaCl to the nutrient solution in increments of 25 millimolar per
day to a final concentration of 200 millimolar. Plants were harvested 3
weeks after starting NaCI treatment. Fresh and dry weight of both shoots
and roots was decreased more than 50% compared to control plants but
the salt-stressed plants appeared healthy and were still actively growing.
The salt-stressed plants had much thicker leaves. The salt-treated plants
osmotically adjusted to maintain leaf turgor. Leaf K' was decreased but
Na' and C- were greatly increased.
The potential photosynthetic capacity of the leaves was measured at

saturating CO2 to overcome any stomatal limitation. Photosynthesis of
salt-stressed plants varied only by about 10% from the controls when
expressed on a leaf area or chlorophyll basis. The yield of variable
chlorophyll a fluorescence from leaves was not affected by salt stress.
Stomatal conductance decreased 70% in response to salt treatment.

Uncoupled rates of electron transport by isolated intact chloroplasts
and by thylakoids were only 10 to 20% below those for control plants.
C02-dependent 02 evolution was decreased by 20% in chloroplasts
isolated from salt-stressed plants. The concentration of K' in the chlo-
roplast decreased by 50% in the salt-stressed plants, Na' increased by
70%, and C1 increased by less than 20% despite large increases in leaf
Na' and C1l.

It is concluded that, for spinach, salt stress does not result in any
major decrease in the photosynthetic potential of the leaf. Actual photo-
synthesis by the plant may be reduced by other factors such as decreased
stomatal conductance and decreased leaf area. Effective compartmenta-
tion of ions within the cell may prevent the accumulation of inhibitory
levels of Na' and Cl- in the chloroplast.

The growth of plants is ultimately reduced by salinity although
species vary in the salt concentration they can tolerate before
growth is impaired (7, 10, 16). The reduction in growth is often
accompanied by decreased rates of photosynthesis but the extent
of this decrease depends on the concentration and type of salt,
the manner in which the stress is imposed, and the relative
sensitivity of the species tested (5, 7, 8, 10, 15). In a number of
instances, the factors responsible for the reduction in photosyn-
thesis have been investigated, but no clear pattern of inhibition
has emerged. Many studies have concluded that the decline of
photosynthesis in response to increased salinity is to some extent
the result ofdecreased stomatal conductance. However, in several
instances, decreased mesophyll conductance has also been ob-
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served suggesting inhibition of photosynthesis at the biochemical
level (5, 8, 15). To identify steps in the photosynthetic pathway
which are susceptible to salt stress requires investigation of
component processes at the subcellular level. Photochemical
reactions of isolated thylakoids (2, 24) and the activity of ribu-
lose-1,5-bisP carboxylase (18) both have been shown to be in-
hibited by high concentrations of NaCl in vitro. However, there
is little information on compartmentation of ions in higher plant
cells and it is not yet clear whether such high levels of NaCl
accumulate in the chloroplasts of salt-stressed plants.

In the present study, we have measured the ionic composition
of leaves and intact isolated chloroplasts of salt-stressed spinach
plants in relation to their photosynthetic properties. The results
suggest that the compartmentation of ions within the cell pre-
vents the accumulation of inhibitory levels of NaCl in the chlo-
roplast and that photosynthetic potential is not significantly
reduced by salinity.

MATERIALS AND METHODS
Growth of Plants. Seeds of spinach (Spinacia oleracea cv

Hybrid 102) were germinated in moist vermiculite for 1 week at
15°C in the dark. The seedlings were transferred to a growth
cabinet maintained under the following conditions: 14-h d, 25'C;
night temperature, 20°C; RH, 40 to 60%; light intensity of 500
AE_m 2 s-' (PAR) provided by a mixture of fluorescent and
incandescent lights. After 4 d, the seedlings were transplanted
into 6-L pots (2 plants/pot) of the following nutrient solution: 4
mM Ca(NO3)2, 6 mM KNO3, 1 mM KH2PO4, 2 mM MgSO4, 50
isM FeEDTA, 50 Mm H3BO3, 10 uM MnC12, 0.5 gM CuSO4, 0.1
,uM Na2MoO4 and 1 uM ZnS04 made up in deionized H20. Three
d later, the salt treatment was commenced by adding sufficient
3 M NaCl to raise the concentration in the nutrient solution by
25 mm each day, until the nutrient solution contained 200 mM
NaCl. The pots were continuously aerated and were topped up
daily with deionized H20. The plants were harvested 3 weeks
after commencing salt treatment. The laminae ofthe second and
third pair of true leaves were used for all experiments.

Experimental Analysis. Leaf water potentials were measured
with thermocouple psychrometers (Wescor C52 sample cham-
bers connected to a Wescor HR33 dewpoint microvoltmeter).
Osmotic potentials were measured on the same samples following
freezing and thawing and turgor pressure was calculated by
difference from water potential. Stomatal conductance of the
lower surface of leaves was measured with a diffusive porometer
(Lambda Instruments Li60). Light intensity was measured using
a quantum sensor (Lambda Instruments Li- 135). Leaf thickness
was measured with a micrometer or by light microscopy ofhand-
cut leaf sections. Chl was measured in 80% acetone according to
Arnon (1). For mineral analysis, leaves were dried at 70°C and
powdered in a mortar. Chloride was measured by silver ion
titration with a Buchler-Cotlove chloridometer. Sodium and
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potassium were determined by flame emission using a Varian
Techtron atomic absorption spectrophotometer. Pi was meas-
ured as described previously (20).

Induction kinetics of Chl fluorescence were measured from
the upper surface of leaf discs using a fluorometer (model SF-10,
Richard Branker Research) attached to a chart recorder. The leaf
samples were kept in darkness for 10 min before illuminating for
4 s with red light (670 nm) at an intensity of 30 MEEm-2sm-. This
procedure was repeated twice more for each leaf disc to ensure
that fluorescence yield was maximal and stable. The terminology
to describe the induction curve is that adopted by Papageorgiou
(19).

Leaf photosynthesis was measured in saturating CO2 using a
leaf disc 02 electrode (4). The light intensity was 400 ,E * m 2 s-'
(PAR).

Chloroplast Isolation. Intact chloroplasts were isolated by a
modification of previous methods (21, 23) using solutions free
of K+, Na+, and Cl-. All procedures were carried out at OC.
Leaves (50 g) were ground for 3 s in a Polytron blender with 200
ml of 330 mm sorbitol, 30 mm Mes, 2 mM ascorbate, and 0.1%
BSA adjusted to pH 6.5 with Tris. The brei was squeezed through
a double layer of Miracloth containing a layer of cotton wool
and the filtrate was centrifuged at 1200g for 1 min. The pellets
were resuspended in 6 ml of 330 mm sorbitol, 30 mM Hepes,
and 0.2% BSA adjusted to pH 7.6 with Tris. The chloroplasts
were placed in two centrifuge tubes and each was underlayered
with 4 ml of resuspension medium plus 40% (v/v) Percoll. The
tubes were centrifuged at 1200g for 1 min and then the super-
natant was aspirated and the pellets resuspended in the above
medium.
02 evolution was measured polarographically with Hansatech

02 electrodes. The basic assay medium was 330 mm sorbitol, 2
mM EDTA, 1 mm MnCl2, 1 mM MgC92, 50 mm Hepes-KOH,
pH 7.6. The percentage of intact chloroplasts was determined by
measuring 02 evolution with FeCN2 before and after osmotic
shock (14). The rate of electron transport from water to MV was
determined with intact chloroplasts (15 Mug Chlml-') plus 0.1
mM MV, 0.5 mm KCN, and 10 mm NH4C1. Electron transport
from water to FeCN was measured with osmotically shocked
chloroplasts (15 Mg Chl-ml-') plus 10 mM DL-glyceraldehyde, 1
mM FeCN, and 10 mm NH4Cl. C02-dependent 02 evolution was
measured with intact chloroplasts (40 MAg Chlml-') plus 4 mm
NaHCO3, 0.2 mM Pi, and 1000 units-ml' catalase. Where
indicated, 5 mm PPi or 2 mm PGA was also included in the assay
medium.
The volume of the chloroplast stroma was determined as the

sorbitol-impermeable water space (1 1). Intact chloroplasts were
added to the assay medium with 3H20 (2.5 MCi-ml-') and ['4C]
sorbitol (0.3 MCiml-') to give a Chl concentration of 50 Mg.
ml-'. After 30 s, 200 MA of the chloroplast suspension was added
to a 0.4-ml centrifuge tube which contained 20 MAI 1 N HC104
overlayered with 75 MA silicone oil (Wacker, AR180). The tubes
were centrifuged and the radioactivity in the pellet and super-
natant fractions was determined by liquid scintillation spectrom-
etry.

Unless stated otherwise, all measurements reported were made
at 20C. The data in Tables I to IV represent the results of a
single growth experiment. This experiment was repeated three
times and in each case results similar to those reported were
obtained.

RESULTS
Effect of NaCI on Growth. NaCl was introduced over a period

of 8 d, in steps of25 mM/d, to allow the plants to adjust gradually

'Abbreviations: FeCN, ferricyanide; MV, methyl viologen; PGA, 3-
phosphoglycerate.

Table I. Biomass ofSpinach Plants Grown in Standard Nutrient
Solution or with 200 mm NaCl Added

The data are mean values ± SE for four plants.
Control Salt

Shoot fresh wt (g-plant-') 73.1 ± 7.6 21.9 ± 1.4
Root fresh wt (g-plant-') 27.6 ± 2.2 13.9 ± 1.5
Shoot dry wt (g-plant-') 4.92 ± 0.40 1.56 ± 0.08
Root dry wt (g-plant-') 1.03 ± 0.06 0.61 ± 0.04
Shoot:root ratio (fresh wt) 2.90 ± 0.44 1.62 ± 0.15
Shoot:root ratio (dry wt) 5.10 ± 0.73 2.61 ± 0.13
Fresh wt:dry wt ratio (shoot) 15.12 ± 0.14 14.02 ± 0.26
Fresh wt:dry wt ratio (root) 26.70 ± 0.63 23.00 ± 1.48

Table II. Water Relations and Ionic Content ofSpinach Leavesfrom
Plants Grown with and without 200 mmNaCl

The data are mean values ± SE. Three samples were taken for water
relations, and four for other measurements, except leaf thickness which
was measured for 10 leaves.

Control Salt
Water potential (MPa) -0.80 -1.83 ± 0.03
Osmotic potential (MPa) -1.15 ± 0.07 -2.35 ± 0.02
Turgor pressure (MPa) 0.35 ± 0.07 0.52 ± 0.05
Water content (% fresh wt) 93.1 ± 0.2 94.0 ± 0.3
Fresh wt (mg-cm-2) 56.8 ± 4.5 87.8 ± 2.9
Dry wt (mg.cm-2) 3.92 ± 0.34 5.25 ± 0.43
Leaf thickness (mm) 0.65 ± 0.03 1.10 ± 0.05
LeafK+(mM) 264±7.5 131 ± 10.9
Leaf Nae (mM) 9.5 ± 1.2 345 ± 10
LeafCl (mM) 2.5 ± 0.4 201 ± 23

to salt treatment. The plants were then grown for a further 2
weeks in 200 mm NaCl. During the first 7 to 10 d of the
experiment, growth was not visibly different to the control plants
but after 14 d it was obvious that growth was retarded by the
NaCl treatment. When harvested, the salt-grown plants had
considerably smaller leaves and showed slight marginal chlorosis.
In other respects, the plants looked healthy with no visible
necrosis or leaf burn symptoms and were still actively growing.
Both the fresh and dry weights of shoots were only 30% of the
control plants whereas the weight ofroots was 50% ofthe control
(Table I). Because of the greater depression in shoot growth the
shoot:root ratio was lower for the plants grown in NaCl on both
a fresh weight and dry weight basis (Table I). The fresh weight:dry
weight ratio was depressed slightly for both shoots and roots.
Leaf Water Relations. The leaf water relations of control and

NaCl-grown plants are presented in Table II. Addition of 200
mM NaCl to the nutrient solution decreased its osmotic potential
from -0.02 to -0.83 MPa. In the NaCl-grown plants, a decrease
in leaf water potential of approximately 1 MPa was associated
with a 1.2 MPa decrease in osmotic potential. As a result of this,
leafturgor was somewhat higher in the salt-grown plants than in
the control plants.
The most obvious morphological changes in the NaCl-grown

plants were a reduction in leaf area and an increase in leaf
thickness. Both fresh weight and dry weight per unit of leaf area
also increased. From the levels of leaf K+, Na+, and Cl- (Table
II), it was estimated that most of the dry weight increase could
be accounted for by the accumulation of NaCl in the leaf. Thus,
the ratio of fresh weight to structural dry weight (total dry weight
minus weight of K+ + Nae + Cl-) was increased in the salt-
grown plants (data not shown). Examination of leaf sections by
light microscopy suggested that an increase in cell size rather
than cell number was responsible for the increased leafthickness.
The leaves of the control plants contained more than 200 mM

239



Plant Physiol. Vol. 73, 1983

K+ on a tissue water basis but were relatively low in Na+ and
Cl-. Addition of 200 mm NaCl to the nutrient solution resulted
in a 50% decrease in leaf K+ and dramatic increases in Na+ and
Cl- to levels equal to or greater than that ofthe nutrient solution.
The accumulation of NaCl in these plants would have been
sufficient to lower the osmotic potential by about 0.8 MPa. This
suggests that osmotic adjustment by the leafduring salt treatment
was largely a result of accumulation of electrolytes from the
nutrient solution.
Leaf Photosynthetic Properties. The leaves of salt-grown

plants had less Chl than the control plants (Table III). This
decrease was more pronounced on a weight basis because of the
increased leaf thickness but there was also less Chl per unit of
leaf area. The Chl a.b ratio was not altered by growth in NaCl.
The maximum photosynthetic capacity of leaf tissue can be
measured with a leaf disc 02 electrode (4) where any stomatal
limitation of photosynthesis is removed by measurement at
saturating CO2. In this system, the photosynthetic capacity of
leaves from salt-grown plants was decreased by about 10% when
expressed on a leaf area basis (Table III). The rates of photosyn-
thesis expressed on a fresh weight basis were only 55% of the
control as a result of the increased leaf thickness of the salt-
grown plants. Because of the lower Chl levels, the rate of photo-
synthesis per mg Chl was actually slightly higher for the plants
grown in NaCl. However, the stomatal conductance was consid-
erably lower than the control plants (Table III).
Some insight into the photosynthetic capabilities of leaf tissue

can also be gained by measurement of Chl a fluorescence. The
level of variable fluorescence (from I to P in the transient) and
the rise time to P in leaves of salt-grown plants were not different
from the control plants (Table III). There was, however, a con-
sistent increase in the slope after P in the salt-grown plants. This
slope reflects the combined effects of quenching of fluorescence
by oxidation of Q and by energy-dependent quenching of fluo-
rescence associated with the formation of ion gradients across
the thylakoid membrane (13).

Isolated Chloroplasts. Intact chloroplasts were isolated from
NaCl-grown and control plants and their properties are listed in
Table IV. Rates of C02-dependent 02 evolution by isolated
chloroplasts were 50 to 80% of the values for chloroplasts from
control plants, depending on the assay conditions. With Pi alone,
the rate was only 50% of that for chloroplasts from control
plants. However, the rate was markedly increased by PPi such
that this rate was 80% that achieved by the control chloroplasts.
Addition ofPGA also increased the rate of02 evolution resulting
in a rate equivalent to 80% of the control chloroplasts. These
differences were consistently observed with chloroplasts isolated
from plants in three separate growth experiments. The decreased
rates ofCO2 fixation were not a reflection ofa decreased capacity

for electron transport in chloroplasts from salt-grown plants. The
rate of electron transport from water to FeCN in thylakoids
(prepared by osmotic shock of the intact chloroplasts) was only
slightly lower than for chloroplasts from control plants and
electron transport in intact chloroplasts, with MV as acceptor,
was the same as control chloroplasts.
The ionic composition of the chloroplasts was also determined

and from the measured chloroplast volumes it was possible to
calculate the concentration ofthese ions in the chloroplast stroma
(Table IV). Chloroplasts from control plants had K+ levels similar
to leaf levels (Table II) whereas Na+ and Cl- concentrations were
higher in the chloroplast than in the leaf as a whole. The
chloroplasts from salt-grown plants had decreased K+ in parallel
to the decrease in leaf K+ whereas the increase in chloroplast
Na+ (70%) was much less than for leaves. The Cl- in the
chloroplasts from salt-grown plants was increased by less than
20% despite an 80-fold increase in leaf Cl- concentration. The
Pi content of the chloroplasts from salt-grown plants was de-
creased, being less than 50% of that in chloroplasts from control
plants.

DISCUSSION

The addition of 200 mm NaCl to the nutrient solution resulted
in a considerable decrease in biomass (Table I) but the plants
were still healthy and actively growing. This is in agreement with
the results of Coughlan and Wyn Jones (3) and suggests that
under these conditions spinach is relatively tolerant of salt (cf
Ref. 16). The most obvious morphological difference in the salt-
grown plants, apart from decreased growth, was the increase in
leaf thickness (Table II). Increased succulence and leaf thickness
is often observed as a result of salt treatment (3, 12, 15) and the
implications for photosynthesis have been discussed by Long-
streth and Nobel (15). It is obvious from the leaf water relations
(Table II) that the plants had osmotically adjusted to the salt
stress imposed on them; hence, any changes observed are likely
to result from salinity rather than water stress. The high levels of
Na+ and Cl- in the leaves of spinach exposed to salt stress shows
that this species does not exclude NaCl, as do some salt-tolerant
plants (7), but accumulates these electrolytes to provide osmotic
adjustment.

Stomatal conductance was decreased by salinity (Table III) in
accord with most previous studies (8, 12, 15). This suggests that
leaf photosynthetic rates would have been reduced relative to the
controls at normal atmospheric CO2 concentrations. Neverthe-
less, the photosynthetic potential of the leaves, measured under
saturating C02, was not greatly altered by the salt treatment
when rates were expressed on a Chl or leaf area basis (Tables III
and IV). The decrease in photosynthesis on a fresh weight basis
has implications for the growth of the plants but is not relevant

Table III. Photosynthetic Characteristics ofLeaves from Spinach Plants Grown with or without 200 mM
NaCl

The data are mean values + SE for four samples except for stomatal conductance which was measured for
six leaves.

Control Salt

Chl (mg.g fresh wt-') 1.05 ± 0.07 0.52 ± 0.02
(Ag-cm-2) 58.7 ± 2.4 45.8 ± 0.9
a/b ratio 3.37 ± 0.05 3.31 ± 0.06

Leaf photosynthesis (jumol-mM2 s-') 27.0 ± 0.3 23.5 ± 0.4
(;Imol-mg Chl-'h-') 167 ± 6 186 ± 6
(ymolg fiesh wt-' h-') 175 14 97 ± 4

Leaf fluorescence (I to P) (relative units) 29.8 ± 1.7 31.5 ± 2.5
Time to P (s) 2.31 ± 0.28 2.33 ± 0.36
Slope from P (relative units.s') 4.42 ± 0.52 8.55 ± 0.58

Stomatal conductance (cm-s-') 0.24 ± 0.02 0.07 ± 0.01
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Table IV. Properties ofChloroplasts Isolatedfrom Spinach Plants
Grown with or without 200 mM NaCI

Rates of electron transport and C02-dependent 02 evolution are
expressed in gmol-02-mg Chl' h-'.

Control Salt

Chloroplasts intact 99% 96%
Chloroplast volume (lI-mg Chl-) 20.7 24.2
Electron transport
H20-FeCN 473 433
H20-.MV 560 560

COrdependent O2 evolution
Pi 119 60
Pi + PPi 131 104
Pi+PGA 101 82

Concentration in chloroplast (mM)
K+ 210 121
Nae 96 165
Cl- 100 117
Pi 24.2 11.9

to the capability of the photosynthetic apparatus per se.
The measurements of variable fluorescence (Table III) support

the notion that the photosynthetic apparatus of the leaves was
not greatly impaired by salt treatment. The yield and rise time,
both indicators ofthe competence ofthe electron transport chain,
were unaffected in the salt-grown plants. Similar results have
recently been reported for leaves of grapevine subjected to salt
stress under conditions where osmotic adjustment had occurred
(6). Changes in fluorescence have been reported following salt
treatment of sunflower and bean plants (22) but it was not
established whether changes in water relations, which are known
to alter the fluorescence yield (6, 9) were also involved. It is not
yet clear whether the increased quenching after P observed in
salt-grown plants (Table III) is directly related to the photosyn-
thetic capacity of the leaf.

In agreement with measurements on whole leaves, the photo-
synthetic capacity of chloroplasts isolated from the NaCl-grown
plants was also not markedly inferior to those from control
plants (Table IV). The electron transport rate for intact chloro-
plasts or thylakoids was only slightly less than the control chlo-
roplasts, in agreement with previous results for sunflower (22).
Baker (2) found that high concentrations of NaCl or KCI in-
hibited electron transport when added to isolated spinach thyla-
koids. The present results are not inconsistent with these findings
since the level of Cl- was only marginally higher in chloroplasts
from salt-stressed plants and the increase in Na+ was approxi-
mately balanced by a decrease in K+ (Table IV). This relatively
small change in total monovalent ions would not be expected to
inhibit electron transport (2, 24). C02-dependent O2 evolution
was consistently lower in chloroplasts from salt-grown plants
although the magnitude of the decrease depended on assay
conditions. The highest rates, obtained when PPi plus Pi were
added to the assay medium, were 80% of those for control
chloroplasts which suggests that the maximum photosynthetic
capacity of the chloroplasts was not drastically reduced in the
salt-stressed plants.

In measuring the ion contents of isolated organelles, there is
always the possibility of errors resulting from breakage of the
organelles, from contamination, or from leakage of ions during
isolation. We have attempted to minimize contamination and
breakage of plastids by rapid purification on a Percoll gradient.
The chloroplasts isolated from both control and salt-stressed
plants were highly intact based on FeCN penetration and had
relatively high sorbitol-impermeable spaces (Table IV), indicat-
ing retention of envelope membranes with low permeability to
small molecules. Although some leakage may have occurred

during isolation, the fact that ions were retained in the plastids
against considerable concentration gradients suggests that the
envelope membranes were also relatively impermeable to these
ions. Repeated washing of isolated chloroplasts did not alter the
Na+ and C1- content of the chloroplasts (Robinson and Down-
ton, unpublished) demonstrating that these ions do not readily
leak out of the plastids. The photosynthetic competence of the
chloroplasts supports the notion that loss of stromal contents
during isolation must have been minimal.
The ionic composition of isolated chloroplasts was not the

same as that in the whole leaf (Tables II and IV) suggesting
compartmentation of these ions within the cell. The chloroplasts
from control plants accumulated Na+ and Cl- to match higher
concentrations than the rest ofthe cell whereas the concentration
of K+ was similar to that in the leaf as a whole. The level of C1-
in chloroplasts from salt-grown plants was only slightly increased
despite the large increase in leafCl- suggesting that the additional
Cl- in the leaf was restricted to the vacuole. The replacement of
K+ by Na+ in leaves was also apparent in chloroplasts but, as
with Cl-, the major part ofthe Na+ increase in salt-stressed leaves
was probably a result of increased vacuolar levels. In the chlo-
roplast, the increase in Na+ was balanced by decreased K+ such
that the total monovalent cations remained unchanged. Replace-
ment of K+ by Nae in the leaf is observed in response to salt
treatment in many species (17) but the present results demon-
strate that replacement also occurs in the chloroplast.
As a response to increased salinity, it has been suggested that

some of the more tolerant plants accumulate Na+ and Cl- for
osmotic adjustment but that these ions are at least partially
excluded from the cytoplasm where they may inhibit metabolic
function (3, 7, 10). The decreased osmotic potential in the
vacuolar compartment would then be balanced by synthesis of
metabolically noninhibitory organic solutes such as glycinebe-
taine and proline in the cytoplasm. The results of this study are
consistent with such a model and indicate that the concentration
of ions in the chloroplast is highly regulated, with replacement
of K+ by Na+ taking place. Possibly as a result of this compart-
mentation, the photosynthetic capacity of spinach is not drasti-
cally reduced by salt stress. The response to salinity is, however,
highly variable among species (7, 8, 10, 15, 16) and decreased
photosynthetic capacity may occur in plants which are more
sensitive to salt stress. Even in spinach, the photosynthetic ca-
pacity may not be realized in salt-stressed plants under atmos-
pheric conditions because of stomatal limitations.
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